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INTRODUCTION 


For a long time, the electrokinetic behavior of biological materials has been an 
active and productive area of research. As early as 1860, Kuhne and Jurgens en, in 
separate publications, demonstrated the electroldnetic properties of muscle tissue and 
biological cells. Since that time, biologists have shown that the electrical double-layer 
properties at the cell wall/liquid interface often reflect the biological characteristics of 
the cells. Electrophoresis, therefore, repi'esents a potentially powerful tool for 
separating biological cells according to their biological properties. 

It has long been recognized that electrophoretic separation in space v/ould alleviate at 
least two major problems of ground-based separations which are due to the effect of 
gravity.' The first and most s^rioits problem is thermal 'cbftvectibn, which is btoughf- ' ’ 
about by the joule heating resulting from the electric current in the liquid medium. The 
second problem is the settlir^ of large biological particles of high density. A microgravity 
enviromhent, such aS exists in’htn earth otbit vehicle, is suflicierit to eliminate both of 
these, problems. The- problems which remain .are of an experimental nature and primarily % 
involve the design of the electrophoresis cell so as to attain maximum resolution of 
separation along with the physicaTcapability of efficiently collecting the separated fractions. 


The major effort described in this report has been to analysis the Apollo 16 electro- 
phoresis experiment results and to recommend to NASA the design features for the 
electrophoresis cell planned for the ASTP experiment which would increase the resolution 
of separation. This latter aspect of the program included a theoretical analysis of the 
resolution of free-fluid electrophoretic separation, the development of a low-el ectroosmotic- 
mobility coating to control electroosmosis in the electrophoresis cell, and a method for 
experimentally evaluating electroosmotic flow in the cell. The progression of this work 
has gradually led to a more thorough appreciation of not only free-fluid electrophoresis, 
but of all types of electrophoretic separations. 
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CHAPTER I 


ANALYSIS OF THE APOLLO 16 ELECTROPHORESIS EXPERIMENT 


A. Introduction 


The Apollo 16 electrophoresis experiment was designed to demonstrate that colloidal 
particles of different surface charge could be separated more efficiently in space than 
on Earth, Although the eventual objective of this px’ogram is the separation of biological 
cells, monodi'sperse polystyrene latexes were chosen as model colloids for this 
experiment to simplify analysis of the experimental results. The objective of our work 
was to analyze the results of the Apollo 16 electrophoresis exiDeriment and to help 
desigt) future .electrophoresis expepirrients..fDr spfice. This c.hapter de.sci''ibes th.e analysis > 
of the results of the Apollo 16 experiment. 


S. Experimental Details' ’ ' '' ’ ■' ^ ' 

1) Apollo 16 Electrophoresis Cell 

The Apollo 16 electrophoresis cell consisted of three parallel 10. 2 cm-long Lexan 
tubes separated from the electrode compartments by semipermeable membranes. The 
two monodisperse polystyrene latexes (The Dow Chemical Co. ) selected were Lot #LS- 
1200-B (0. 80pm diameter) and Lot #LS-1047-E (0. 23pm diameter). Prior to the start 
of the experiment, the latex samples were isolated in a cylindrical chamber separated from 
the cathode by a fixed semipermeable membrane and from the Lexan tube by a removable 
ICapton film. To start the experiment, the Kapton film was removed so that the latex 
particles were free to migrate up the Lexan tube. The inside radii of the Lexan tube and 
the sample chamber were 0, 318 cm and 0. 238 cm, respectively. The dispersion medium 
was a solution containing 0. 008 M boric acid and 0, 0016 M sodium hydroxide as buffer, as 
well as 0, 1% formalin preservative and 0. 02% sodium lauryl sulfate emulsifier. The 
potential applied across the platinum electrodes (11. 5 cm apart) was 300 volts. 


2) Electrophoretic Mobility of Polystyrene Latex Particles 

The electrophoretic mobilities of the' 0. 80pm and 0. 23pm diameter polystyrene latex 
particles were measured in a microcapillary electrophoresis apparatus (Ranic Brothers Ltd. ) 
at an applied potential of 1. 7 volts/cm. The dispersion medium was various modifications 
of the borate buffer dispersion medium used in the Apollo 16 experiment. The cylindi'ical 
2-mm diameter microcapillary cell had extremely thin walls (less than 0. 1 mm), thus 
giving distortionless viewing at all levels without the necessity for any optical corrections. 
The zero-solvent- flow level in this cell was defined accurately by measuring the parabolic 
velocity profile across the diameter of the cell for particles of different electi’ophoretic 
mobility. The usual light source was a quartz-iodine lamp in the dark-field configuration. 
Since the 0, 23pm diameter particles could not be detected with this light source, a 5 mv 
He-Ne laser (Model ML411, Metrologic Instruments, Inc. ) was used as the light source for 
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this sample, with remarkable success in detecting the primary particles. The advantage 
of the microcapillary electrophoresis is that the electrophoretic mobilities of a lai'ge 
number of individual particles can be measured directly 


3) Potential Gradient in the Apollo 16 Electrophoresis Cell 


An important parameter for evaluating the Apollo 16 electrophoresis experiment is 
the potential gradient E. Since a potential of 300 volts was applied across a distance of 
11. 5 cm, the calculated potential gradient is 26 volts/cm. Two possible factors that could 
reduce this value of E are the semipermeable membranes that were used to close both 
ends of the channel and the presence of bubbles both inside and outside the channel. An 
attempt was made to measure the potential gradient within the channel by inserting two 


electrodes into the cliannei b’F ah eleb'trdphbresis cell identical to that uSed for tb’e Apollo 16'"' 


experiment and measuring the potential across these electrodes. The value of E varied 
from 15 to 23 volts/cm because of the bubbles that were always present in the electrode 
compartments, these bubbles were the result of poor circulatidn of buffer' (the circulafloh 


equipmreht used ou the Apol'lO 16 - fllgM was not available •for’-tMs study)." 


A simplified electrophoresis cell was constructed from Lexan tubing to more easily 
eliminate bubbles from the channel and electrode compartments. The main features of 
this cell were identical to that used for the Apollo 16 experiment as shown in Figure 1. 
The three probe electrodes (A, B and C) were used to measure the potential gradient at 
different positions in the Lexan tube when a potential of 300 volts was applied across the 
main electrodes. 


4) Electroosmosis in the Apollo 16 Electrophoresis Cell 

The electroosmosis at the Lexan channel wall/buffer solution interface was measured 
by placing the apparatus shown in Figrire 1 on a microscope stage and observing the particle 
velocity at 250 X magnification. Although the optical properties of the Lexan tubing were 
improved greatly by polishing the top surface to a flat configuration, some difficulty was 
encountered in observing the particles at different depths in the channel. Monodisperse 
polyvinyltoluene latex particles of 2,um diameter with an electrophoretic mobility of l(Jum 
cm/volt sec were used to measure the velocity of the medium near the channel wall. 


C. Theoretical Aspects of Electrophoresis 

The observed velocity VqIjq of a colloidal particle subjected to an applied potential in a 
closed cylindrical channel is defined by the equation; 


V , = V + V 

obs e 


( 1 ) 


where = the velocity of the particle due to electrophoresis, 
V = the solvent velocity due to electroosmosis. 
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Figtire 1. Coil for Measuring Potential Gradient 


( 2 ) 


The solvent velocity V under these conditions is defined by the equation: 

V = U f(2r^/a^) - 1 \ 

L J 

where r = the distance from center of channel, 
a = the radius of channel, 

U= the electroosmotie velocity of solvent at the channel wall (i. e. , where 
£ = S)- 


Combining Equations 1 and 2 yields: 

V ^ = V + U (2r^/a^) - 1 
obs e 


( 3 ) 


Equation 3 predicts tliat the observed particle velocity is a sensitive function of £and 
is described by a parabola that is symmetric about the center of the channel. Since infor- 
matian .obtained from the^Apollo 16 exp.erirnent was in the.forra.of. photographs taken 
ev^ery 20 seconds, the. position that could be follpwed and measured accurately was the 
apex of the parabola at the center of the channel, i, e. , at £ = 6. At r = 0, Equation 3 
reduces to: 


V 


obs 



( 4 ) 


A potential of 300 volts applied to a cell of these dimensions gives a potential gradient 
of 26 volts/cm. However, there are "a posteriori" reasons for suspecting the constancy 
and absolute value of this potential gradient during the course of the experiment. 

The potential gradient may be separated from the right hand side of Equation 4 as 
follows: 


V , = (U - U ) E (5) 

obs ' e os' 

where Ue = electrophoretic mobility of the particle, 

U = electroosmotie mobility of the solvent, 
os 

E = potential gradient. 

The particle velocity in the center of the channel, therefore, is a function of the elec- 
trophoretic mobility of the particles, the electroosmotie mobility of the solvent at the 
channel wall, and the applied potential gradient. 


D. Ground-Based Experimental Results 
1) Microcapillary Electrophoresis 

The electrophoretic mobility of the 0. 8;.im (Sample A) and 0. 23jum (Sample B) diameter 
polystyrene latex particles were 9. 2 and 6. 5jum cm/volt sec, respectively, in the standard 


o 



borate buffer solution. There was no detectable change in the electrophoretic mobility 
of these latex particles after storage for two weeks. 

2) Electroosmosis in Lexan Tubes 


The electroosmotic flow in Lexan tubes was determined by measuring the velocity of 
latex particles near the tube wall by means of the apparatus shown in Figure 1. The 
results showed that the particles changed direction near the channel wall, indicating -that 
the electroosmotic velocity at the Lexan/buffer solution inteiface was greater than -10/im 
cm/volt sec. The negative sign indicates that the solvent moves toward the anode, as 
opposed to the negatively-charged polystyrene particles, which move toward the cathode. 
The experiment was repeated using Lexan tubing coated with collodion, which reduced, 
but did not eliminate, the electroosmosis. 

3) -Potential Gradient in the Apollo 16 Electrophoresis Apparatus 


The potential gradieat measurerhents- obfaine'<3 from the appa'ratiis shown in' Figu’re'-l 
--with -no- bubbles preset in ■the- ■eharm el indieated'that the semrpermeable membranes used-' 
in the Apollo 16 experiment did not affect the potential gradient. When bubbles were 
introduced into the Ghannel intentionally, the potential gradient was decreased by as much 
as 5%, depending upon the size of the bubble. Wlien the bubble was inserted at the end 
of the channel in contact with the semipermeable membrane, the potential gradient was 
decreased by as much as 10%. These values may be in error, however, because of the 
tendency of the bubbles to rise and flatten out against the top of the channel, thus offering 
less resistance than would be expected in space where the absence of gravity allows air 
bubbles to assume a spherical shape. 

Glass beads of 5 mm diameter were placed in the channel to approximate more closely 
the air bubbles of the Apollo 16 experiment. The results showed that the spherical glass 
beads had a much greater effect in reducing the potential gradient within the channel and 
that the decrease in E (A E) was inversely proportional to the cross-sectional area of the 
channel minus the cross-sectional area of the glass beads according to the equation 
AE = K/(d'| - d 2 > where K is a constant, ^ the diameter of the channel, and d£ the diameter 
of the glass bead or air bubble. Since AE was found to be 2. 5 volts/cra for d 2 = 0. 5 cm, 

K = 0. 4. 

The photographic record of the Apollo 16 experiment showed that the bubble diameters 
were 0. 6 cm or greater. The foregoing equation predicts that the value of A ^ will be 
10 volts/cm when the bubble diameter is 0. 60 cm and 15 volts/cm when the bubble diameter 
is 0. 61 cm. Apparently, E decreases rapidly as the bubble diameter approaches the 
inside diameter of the channel. Experimental verification with glass beads larger than 
0. 5 cm in diameter was not possible because the geometric tolerances of the available 
beads were about 25%, with the result that the larger beads would not fit into the channel. 
Nevertheless, the forgoing theory and experimental results suggest that the air bubbles 
present in the Apollo 16 electrophoresis apparatus could have drastically reduced the 
potential gradient within the channel. 
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4) Analysis of Results of the Apollo 16 Electrophoresis Experiment 


The details of the experimental apparatus and the flight photographs, whleh wex'e the 
source of all experimental results, are not Included in this report and can be found 
elsewhere (1). The photographs, numbered sequentially beginning with frame 17001, 
were talcen automatically every 20 seconds. The experiment was initiated (i. e. , time = 0) 
at frame 17003, and the current was first reversed at frame 17017 (280 seconds after 
the start of the experiment) when the fastest-moving particles approached the end of the 
channel. Although 52 photographs were taken during the four traversals of latex particles, 
the useful information for analysis was in the first 14 frames after the current was 
turned on. 


t.. V The initial appearance of the -l-at^-partiGles. -.(fEam.© 47O05y..-Mm© 44 &eeond-s)./Sho^-ed -n 

that the observed velocity of the latex particles was influenced by electroosmotie solvent 
flow as evidenced by the sharp parabolic particle profile. The position of the apex of the 
parabola-.as a. function of timie,is-jsho-wn in Figure 3. Tube 1 contained the mixture of 0v23,um- 
and Q. 8p^um .diameter particles,. whp.e tpbe. 2 contained the 0. .8.0j(im diameter .particles and .. 
tube 3 the 0. 23^im diameter particles. The linear variation of position with time for the 
first three minutes of the experiment shows tliat the particles were traveling at a constant 
velocity durir^ this period. Extrapolation of the results to zero time, however, indicates 
that the latex particles in tubes 1 and 3 were delayed in the sample chamber for 7 and 9 
seconds, respectively. The change in slope beyond three minutes indicates a sudden 
decrease in the potential gradient of all three tubes. This phenomenon can be explained 
by the presence of three large bubbles that were located initially at the center of each tube: 
when the current was turned on, the bubbles migrated toward the anode and reached the 
end of the tube three to four minutes later; when the bubbles contacted the semipermeable 
membrane, the resistance increased, resulting in a decrease in the potential gradient. 

The observed particle velocities at the center of each tube (i, e. , at r = 0) calculated from 
the data of Figure 2 are given in Table I. 

An evaluation of the Apollo 16 flight films requires the use of Equation 5 which predicts 
the observed particle velocity VqJjs in the center of the cliannel as a function of the 
electrophoretic mobility of the latex particles Ug, the electroosmotie mobility at the channel 
wall/liquid interface , and the potential gradient E; 


V , = (U - U ) E 

obs ' e os 


( 6 ) 


Although and are known accurately (Table I), there is some unceriainty in the values 
of both U and The value of U^g was found from laboratory expeiiments to be at least 
-lOjum ^^volt sec (or -0. 06 cm^Tvolt min), while ^ was found to be less than the theo- 
retical value of 26 volts/cm. Equation 5 was solved for E^, and E_g, the potential gradients 
in tubes 1, 2, and 3, respectively, and the following ratios were set up, to estimate which 
tubes, if any, had identical values of 
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Time, minutes 

Figure 2 l^osition of Apex of Parabola as a Function of Time 
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Table I 


Electrophoretic Mobilities and Observed Velocities of Latex Particles* 




Observed Particle 


Tube Nov- 

Latex 

•• ■' Particles 

Initiar 

' Final 

El ectropho retie 
Mobility;** Cm'^/ volt min 

1 

0, 23um + 0. 80um 

V. •, f 

V, =1.72 
1 obs 

■V’ , =1.45 

1 obs 

^ U = 0. 0552 
A e 

2 

0, 80jum 

„V - =1. 79 

2 obs 

, = 1. 43 

2 obs 

, U = 0. 0552 
A e 

3 

0, 23_pm 

„V , = 1.49 

3 obs 

„V» - = 1. 26 

3 obs 

„U = 0. 0392 
Be 


* The observed particle velocity is taken at r = 0. 


** . U and are the electrophoretic mobilities of the 0. 80um and 0, 23um diameter 
A e Be ' ^ 

latex particles, respectively. 
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(7) 


^5 = - 1, 0.1 

1 1 0.0 s 


__ l^obs (B^^e - ^os) (0. 0302 - U^g) 

^ 0 s) (^'0552 - U^ 


K oV , (,U 

3 3 .obs A e 


(5) 


f %* !»••• 


.,, h .»W -.”,0^1. . , .(0.,P3P2 -,y ) ,, 

V ~ V r TT - fj " ' “ — - -— 

'"3 3 obs 'e os) (0, 0552 ^ U 




\Vlion tho :ippro;d.mate value of IJ^g -- -0. 06 craVvolt min. i.s suimtiluted into Equations 
8 and 0, E9/E --- 1. 04, E-,/Eo == o! 99, and E.VEo -- 1. 03. 'riu?so results «hov/ clearly 
that it ia rt'asonablc to assume that ~ E-^^. Equation 5 may now ito solved lor _E in 
tubes 1 and 3: 


iV , 

„ 1 obs 

r, u ' - u'" 

A e 


os) 


( 10 ) 


^3 ^ 


3^obs 


^B^e 


U 


os) 


(ll) 


Equations 10 and 11 may ]")e equated and rearranged to solve for 


U 

os 


„v , ,u - ,v ^ n 

3 QOS A e 1 ob s B e 

Y - Y 
3 obs 1 obs 


( 12 ) 


Substituting the data in Table 1 gives l^g - -0. 0644 cm /volt min. 
sec, in good agreement with the exi3crimcntal approximation prese 
Using this value of and solving Equation 5 for the iDOtential 
culatcd separately for tubes 1, 2, aiid 3 as follows (see Table I for 


or -10 7)1 m cm/ volt 
nted previously, 
gradient may bo cal- 
pertinent data)* 


l^obs 




- U ) 
os' 


= 14.4 volts/cm 
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^^2 '{,U - U 

\\ e o s ) 


V 

2 - 15.0 Tolt../Gm 


(12b) 


E 


oV , 

3 obs 


3 („U - U ) 

os os^ 


14,4 volts/cin 


(13c) 


The potential gradient K' beyond 3 minutes (past the infleetion points of the curves of 
ilignre 4) may be calculated for each tube from the follovdng 301108 of eipuations (see Table 
I for pertinent data): 




El - 


V’ 

1 obs 


1 (,U -U J 

'A e, . ,.03 


*i, -S ’ A»-. 

12,1 volts/cra 


(14a) 




Oi 


(1413) 


El = 


oV' , 

3 obs 


3 (,,U - U ) 

'B e os 


=-■ 12.2 volts/cra. 


(14e) 


Furthermore, the six Equations 13a-c and 14a-c can be shown to be internally consistent. 

Equation 3 may nov/ be expressed in terms of a potential gradient that is not constant 
for all three tubes: 


V , = U E 4- U E 

obs G os 




( 15 ) 


Since tlic values of all the parameters in Equation 15 are known, the particle velocity may 
be calculated as a function of position r^in each tube where a = 0, 318 cm. The results 
for the observed particle velocity expressed in cm/min are as follows: 


Initial 3 minutes (iraraes 17004-17012) 


Tube 1: 

V, -1.72- 

18.3 

(16) 


1 obs 



Tube 2: 

,,V , 1.79 - 

2 obs 

19.1 r" 

(17) 

Tube 3: 

„V , = 1.49 - 

3 obs 

18.3 3.-^ 

a^') 
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V - 


FiJial 

100 

sec of fir 

at traverse 

(frames 17013 - 17017) 


Tube 

1: 

, = 

1.45 - 15-4 

2 

V 

(19) 


1 oos 



Tube 

2: 

V* - 

2 obs 

1.43 - 15.3 

2 

r 

(20) 

Tube 

3: 

v» = 

3 obs 

1.26 - 15..5 

2 

r 

(21) 


Equations lG-21 give the parabolic sliaiie and position of the latex particles in each 
tube as a funetion of time. The length of the tail of each parabola, hov.'eYor, requires a 
knowledge of how close the latex pa.rtieles approach the cliannel wall. Since the radius 
of the sample chamber is smaller than tlic channel radius, the position of the particles in 
the channel is a function of the dimensions and solvent flow conditions of the sample 
chainberj. i., q. ,,,at sqme,paa:jgjX]yp>. di^^ ftpip .0®.. center .qj; th.e .gainp.le cjigmbex;^^.the 

particle vedocitj^ will be zero so that only tlve particles at smaller distances may leave the 


sample cliamber. Equation 15 may be utilized to predict the maximum distance r 


max 


of 


the. particles measured from the center of the Ghaixi.b.ei:, by setting the obs..erv,ed vcloeity 
V , equal to zero and solving for r : 


a 

r - — — 
max / o 
^’2 



CI- 




OS 


( 22 ) 


where the radius of the sample chamber a is Cvqual to 0. 238 cm. Therefore, Equation 22 
predicts that the maximum distances of tlie latex particles from the center of the channel 
will be 0.229, 0.229, and 0. 214 cm for tubes 1, 2, and 3, respectively. These results, 
along with Equations lG-21, allow the latex-particle profile to be predicted as a function of 
time. Figure 3 compares the predicted profiles with the results of the Apollo IG experiment 
for tubes 1, 2, and 3 at the indicated times of 1, 2, 3, and 4 minutes. The agreement fxetween 
experiment and theory is remarkably good; however, the theory cannot explain the irregular 
particle profile observed in tube 3. 

Another Important parameter that can be evaluated from theory and compared with 
experiment is lengtlx of the latex parabolic profile as a function of time. The velocity of 
parabolic gi-owth may be calculated by subtracting the velocity of the parUcLes at the tail of 
tlie parabola (i. e. , at £ - x£-,T^ax) velocity of the particles at the apex of the parabola 

(i. 0 . , at r - 0). For the case of tube 1, Equation 16 is used to calculate particle velocity 
at£- 0, while Equation 18 is used to calculate the particle velocity at£ ^ —max' ^'l’-'®tions 
17 and 18 are used to calculate this difference in velocity for tubes 2 and 3, respectively. 

The results show that the lengths of the parabolas grow at a rate of 1, 19, 1. GO, and 0. S3 cm/ 
min for tubes 1, 2, and 3, respectively. These results, of course, are only valid for the 
first three minutes of the cxixei’iment, at which point the potential gradient decreases to a 
lower \alue. Equations 19, 20, and 21 may subsequently be used in a similar fashion to 
calculate the growth velocities of 0. 89, 0.80, and 0. 70 cm/min for tubes 1, 2, and 3, respec- 
tiveljq for the final 100 seconds of the first traverse. Figure 4 presents the theoretical 
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Time, minutes 

Figure 4 Length of Parabolic Profiles as a Function of Time 
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(solid lines) and experiinental parabolic lengths measured from the Apollo 16 flight films. 
Although there was some difficulty in measuring the lengths of the parabolas from the 
photographs because of the fuzzy nature of the tails, the agreement with theory is very good 
It should be emphasized that the particle velocity near the channel wall is a very sensitive 
function of the distance from the channel wall, So that small errors in 
relatively large errors in the minimum particle velocity and the parabolic length as a 
function of time. The qualitative agreement between the experimental points and theory 
shown in Figure 4, therefore, may be talcen as a reasonable confirmation of the validity of 
the theoretical approach and assumptions used in this report. 

The concept of the separation actually taking place in tube 1, by means of the parabola 
of the slower movir^ particles being nested within the parabola of the faster moving 
particles, was further verified by a color densitometric scan of the photographic results 
'••^■fteir'3 ihlhu'teSTit'sfebh'thfiBfi' (carrlea'Mt’b^''l:^AS‘A)‘.' ■Figur‘(=i''5‘B 'S'hdwS the'- calculated 
results corresponding to experimental results after 3 minutes of separation (Figure 5A). 

A black-and-white reproduction of the color densitometric scan of Figure .6A (Figure 5C) 
■'shows a hig’h-densriy area ih the r^'i’on of the predicted' overlap, ' which dehiontetrates that 
■the separation o-f th© two latexes-did- indeed take 'place.- ' >• , y ■ ^ 


Conclusions 


1. The potential gradient in each channel was reduced by approximately 40*%, probably 
because of the presence of bubbles. 

2. Electroosmosis was pronounced at the Eexan/buffer-solution interface and was the 
primary factor that controlled the parabolic shape of the latex particles. 

3. The latex particles behaved entirely according to the theory of electrophoresis and 
electroosmosis in closed cylindrical channels. 

4. The separation of the 0. 23jum and 0. SOjum diameter latex particles in tube 1 did in fact 
occur according to theory, even though the separation was not in the desired practi- 
cable form. 

5. A practicable separation of this type is greatly simplified in a gravity-free environ- 
ment, but requires the development of a low electroosmotie coating. 
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Figure 5 Free-fluid electrophoretic separation of mixed 0. 23p.m. and 0. 80;.im 
monodisperse polystyrene latex particles during Apollo 16 iriXssion: 

A. photograph of separation after minutes; B. theoretical prediction 
of separation shown in A. ; C. black-and-white reproduction of color 
densitometx'ic scan of photograph shown in A. 
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CIIAPTER II 


LOW-ELEC TROOSM OTIC -MOBILITY COATINGS 


A. Introduction 

The Apollo 16 Electrophoresis Experiment demonstrated the need for a low-eleetro- 
osmotic-mobility coating in a free-fluid electrophoretic separation. Although the 
theoretical treatment of the resolution of separation as a ftmction of electroosmosis in free- 
fluid electrophoresis (FEE) is derived in Chapter III, the photographs of the Apollo 16 
experiment showed parabolic particle profiles that are charactcristie of eleetroosmosis 
in the cell and which render a practical separation impossible. Therefore, a major effort 
.. was initiated tq .deYfilop .a- coating that would .Jsedace. the ?iet9..-po.teMial at.-the. cell -wall/ liquid. , 
interface to zero or near-zero, to eliminate the driving force responsible for electroosraotic 
flow in the presence of an applied electrical potential. The initial work was directed 
•towards. the, el ectrokinetic behavior- .of different- coatings on.a variety of. surfaces, in the 
presence; Qf... different buffer systenas,.beca.use ,n.eitheji: tije buffer nor the electrophores^^^ 
material were decided upon until very late in the development of the ASTP experiment. 


B. Exioerimental Details 


1) Electrophoresis Cell-Wall Materials 

The cell-wall materials which were coated and investigated for their electrokinetic 
properties during the course of this study included glass, Plexiglas, and Lexan, The glass 
was available in small capillaries with an inside diameter of 1. 0 + 0. 05 mm and a wall 
thickness of 0. 15 inm, Lexan and Plexiglas were not available in small capillaries, but 
tubes were obtained with an inside diameter of 6 mm and a wall thickness of 1 mm. Sheets 
of Plexiglas and Lexan of 1. 6 and 1. 0 mm thickness, respectively, were also obtained. 

2) Buffers 

The electrokinetic properties of the coated materials were investigated under a variety 
of ionic conditions. The buffers generally used were; (i) the borate buffer which was 
identical to that used for the Apollo 16 electrophoresis experiment; (ii) a phosphate buffer 
which contained 4. 32% glucose, 0. 13% NagHPO^, and 0, 02% KH 2 PO^; (iii) the A-1 buffer, a 
modification of tiae phosphate buffer, which was used for the biological ASTP electrophoresis 
experiments. 

3) Experimental Method of Measuring Electroosmotic Flow in Cylindiical and Rectangular 

Channels 

Several methods are available for measuring eleetroosmosis wiiich depend upon the 
physical configuration of the sample under investigation. The method developed in this 
program was to construct both cylindrical and rectangular microelectrophoresis cells from 
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the materials under investigation and to measure directly the velocity of individual particles 
in an applied electric field as a function of position in the cell. Under these conditions, the 
observed electrophoretic velocity is equal to; 


V ^ = V + V . 

obs e 


(23) 


Avhere Vg is the true eleetrophoretic velocity, which is constant, and V is the solvent velocity 
due to electroosmosis, which is a function of position in the channel. Wlien the channel is 
cylindrical, the solvent velocity may be expressed as: 



where:m is -the- distance from th.e center of the channel, ^.is the channel .radiuss and U i-S:the » 
,electrqosmot|Q.yeloci^^ at the channel wall,, i. e. , at r a^. ^Wlien the cl^nnql is. rectangular . _ 
the solvent velocity may be expressed as: 


V/U = 1-3 


1 - (y^/b^) 


1 - (192/ TT-'^ K) 


where ^ is solvent velocity at the center of the channel, K = a/b the ratio of channel width/ 
channel height, a is one-half the channel width, b is one-half the channel height, and ^ is the 
height measured from the center of the channel. 


The experimental design for these electrophoresis cells requires that the instrument have 
the channel be easily removable from the cell. Figure 6 shows a diagram of an electro- 
phoresis cell designed for small capillaries constructed with threaded nylon caps and O- rings 
which seal the capillar}- channel into the cell and allow for quick disconnection and replacement 
of the capillary The platinum electrodes are similarly sealed in place to give a completely 
closed system. Standard glass capillary tubes with an outside diameter of 1. 0-1 5 mm are 
coated as desired and inserted in the cell for determination of the electroosmotic flow under 
standard conditions. A metal cell holder was constructed to clamp the electrode compart- 
ments in a fixed position to support the cell. This cell was designed to fit into the constant- 
temperature bath of the Rank Brothers electrophoresis apparatus, replacing the conventional 
microcapillary electrophoresis cell. This apparatus was also modified to observe the 
particles in the dark-field configuration using a He-Ne laser as the light source. 

Figure 7 shows a diagram of an analogous cell with a replaceable rectangular center 
channel constructed from 0. 8 mm-thick Lexan or Plexiglas sheets The replaceable channel 
was constructed by glueir^ strips of Lexan or Plexiglas sheets between two larger plates 
using ethylene dichloride as adhesive. The replaceable channel wdtb a height of 0. 8 mm and 
a width of 20 mm fits tightly into the two electrode compartments and is sealed into position 
mth RTV. The channel can be replaced by simply stripping away the RTV rubber seal and 
separating the parts. Several replaceable channels were constructed and coated in rarious 
ways; each in turn was cemented into the cell and its electroosmotic mobilit}" w'as measured. 
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Figure 8 sliows a diagram of the apparatus constructed to measure the electroosmotic 
mobility in. the split columns of the ASTP electrophoresis experiment. The Lexan electrode 
compartments comprised two halves with rubber gaskets over the areas of contact. The 
end pieces of the split columns fit into the electrode compartments, which are clamped 
together with pressure plates. The filling ports are positioned so that the dispersion can be 
loaded into the cell without introducing air bubbles. The cell holder is designed so that the 
seam in the split columns does not interfere with the light source or the observation of the 
particles in the column. The whole assembly fits into the capillary constant-temperature 
compartment of the Rani? microelectrophoresis instrument. The 5-mw He-Ne laser in the 
dark°‘-fireld-e onfigu rat iuu ~ ts us ed as the light source in place of the usual tungsten-halogen 
lamp, which does not have sufficient intensity to penetrate the thick-walled columns. The 
particles were more easily discerned when a flat was ground in the tubes so that the wall 
thickness' -at the poiht^'of*'obs'ervation wa# tess' than'-l mm-. A similar ■apparatits-’waS' 
structed for measuring the electroosmotic flow in tliick-walled Lexan and glass tubes which 
were not split. 

Tbe,elGctrophoi-esis capillary - 45 elb (Figure.-6) was tested. -by raea-su-ring the velocity -p-rofile 
of 0. 8;um-diameter monodisperse polystyrene particles (LS-1200-B) in uncoatcd capillaries. 
Figure 9 shows the results for the latex particles dispersed in the borate buffer (pH = 8), 
the boric acid component' of the buffer (pH = 4), and distilled water. The results are given 
as the velocity-distance^ plot, which converts the parabolic velocity-distance relationship to 
a straight line. Only one half of the pai-abola is shown in Figrxre 9, although measurements 
of velocity were made across the entire width of the channel. This method of plotting allows 
comparison of straight lines with an intei-cept at the ordinate eciual to the electroosmotic flow 
velocity and an intersection with the stationary level (height = + 0. 35 mm) equal to the 
electrophoretic mobility of the latex particles. 

Figure 10 shows the results obtained with latex particles of known electrophoretic 
mobility in an uncoated rectangular Lexan channel in the electrophoresis cell shown in Figure 
7. Figures 9 and 10 show that the plots of the electrophoretic velocity vs. the square of the 
distance are linear, indicating that the solvent velocity flow profile is parabolic, in agree- 
ment with Equations 24 and 25. 


C. Experimental Results 
1) Glass Surfaces 

The rationale for the pretreatment of the glass capillaries depends upon an assumption 
of a mechanism of electrical double layer formation at the capillary wall interface. Since 
the capillary wall exhibits a negative charge over a wide pH range (as shown by experiments 
in tMs laboratory) the surface charge can arise from the adsorption of cations on the proton 
of silanol groups ()SiOH) or desorption of the silanol proton. The initial approach, therefore, 
was to render the active surface silanols inactive by specific chemisorption techniques, 
i. e. , by alkylation of surface silanols according to the following mechanism: 

^ SiOH + ROH SiOR + H^O 
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Fig-ure 8. Electrophoresis Cell for Evaluation of EleGtroosmotlc JfIqw in Split Columns 


Electrophoretic Mobility, yu cm/volt-sec. 








A number of experiments were performed with methanol (i. e. , R = CHo) heating 
the glass capillary at 300° C in high vacuum and exposing the capillary to 30 mm of 
methanol vapor. Although the glass surface was rendered hydrophobic, the reaction 
appeared to be reversible in the presence of water, as evidenced by a steady decrease 
in hydrophobicity and an increase in surface charge. 

Surfe.ce silanols can also be rendered hydrophobic by surface silylation. One of the 
more common silylating agents is hexamethyldisilazane (HMDS) which reacts with silanols 
according to the following mechanism: 

H 

2^SiOH + (CH^)^ - Si - N - Si - (CHg)^ '> 2'si-0-Si-(CH^)2 + 

This reaction is expected to be quantitative. A number of glass capillai-ies were treated 
wi|;h HMDS and .although the surface,.charge \yap nomingilly. r.edueed the ;cesults \yere not ^ , 

consistent. 

Another organo-silane coating which was evaluated was Y -Arainopropyl-triethoxjfsilane 
(Union Carbide Co. , A-llOO; Pierce Chemicals). The coatiiig procedure comprised rinsing 
the capillary with the A-llOO solution, drying, and curing at 150° C. The values of electro- 
osmotic mobility for these A-llOO-coated capillaries were erratic. Some capillaries 
showed extremely low mobility values, actually approaching zero, while others showed 
values corresponding to uncoated capillaries. This anomalous behavior was investigated 
further by taking t\vo capillaries coated with the Union Carbide and the Pierce Chemicals 
coating materials, respectively, and measuring their electroosmotic flow profiles after 
exposure of the coatings to different ionic media. The results are shown in Figure 11, in 
which the order of measurement of each capillary is designated by the appropriate number. 

A negative slope indicates a reversal of the parabola velocity profile, which means that 
the surface has changed from negative to positive values. These results show that the zeta 
potential is dependent upon the pH of the media and the pH histoiy of the sample. The 
uncertainties involved in the use of this coating were found to be unacceptable for a low- 
electroosmotic -mobilil^’^ coating. 

Glass capillaries were coated with methylcellulose (Dow Methocel) with molecular 
weights in the range 11 x 10“^ by drying an aqueous solution of Methocel and baking for 15 
hours at 150° C to reduce its solubility (Methocel is insoluble in hot water and soluble in 
cold water). The media used were distilled water, borate buffer with and without sodium 
lauryl sulfate (pH=8), and borate buffer without sodium borate, i. e. , boric acid (pH=4). 

Samples of monodisperse polystyrene latex (LS-1200-B; 0. 80^m diameter) showed little 
or no movement at the stationary level in the microelectrophoresis, independent of voltage 
gradient, solvent composition or pH, or the type of Methocel used for coating (e. g. , see 
Figure 12). However, the diluted latexes were usually allowed to stand in the coated 
capillary for about 30 minutes before the measurements were made. The zero or near-zero 
electrophoretic mobilities, along with the 30 minutes elapsed time between loading and 
measuring, suggests that the methylcellulose molecules desorb from the capillary walls and 
adsorb on the surface of the late.x particles (the adsorption of nonionic or steric stabilizers 
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is kaown to reduce the electrophoretic mobility). 

Therefore, a technique was developed to begin the measurements within five minutes 
after loading the cell with the diluted latex- Figure 13A shows that the electrophoretic 
mobility of the latex particles was initially unaffected by the presence of the methylcellulose 
coated capillary walls, but gradually decreased to essentially zero upon standing in the 
capillary. Thus, the methylcellulose is very effective in reducing the zeta potential of the 
capillary wall-liquid solvent interface and, hence, the electroosmotic flow within the 
capillary; however, it must be crosslinked or otherwise chemically-bound to the capillary 
wall so that it cannot desorb and adsorb on the surfaces of the particles in the dispersion. 

In comparison. Figure 13B shows the results of allowing the latex particles to stand in 
a capillary treated with the Union Carbide A-llOO coating. The results after 15 hours are 
comiarabre''t» the- initial- resnltsf- - In-this- case -the A'^HOO coatitig-'is irreversibiy adsorbed - 
onto the glass surface. 

Another approach Used (suggestedby H-;" Burrell, Inmont Cerp. ) to- reduce the electro-=- 
-osmotic mobility, was to ooat the glass with a solution of polyvinyl acetate,, allow the solvent to 
evaporate, leaving a thin film of strongly -adherent polymer, then surface-hydrolyze the 
polymer film to form a thin layer of polyvinyl alcohol (unchaiged and normally water-soluble, 
but, in this case, chemically-bound to the underlying polyvinyl acetate film). A 4% solution 
of polyvinyl acetate in methyl ethyl ketone was prepared, and the glass capillary was dipped 
into this solution for one half hour and then dried in air. The polyvinyl acetate-coated glass 
surface was then hydrolyzed by heating at 110° C for 30 minutes and then exposing the 
surface to a 5% sodium hydroxide solution for 10 minutes. Three different molecular weight 
grades of polyvinyl acetate (specified only as "high, intermediate, and low", obtained from 
H. Burrell, Inmont Corp. ) were applied and hydrolyzed with 5% sodium hydroxide. The 
results summerized in Table II show that the low-moleeular-weight polyvinyl acetate coating 
(LMW-PVAc) reduced the electroosmotic mobility only slightly; the medium-molecular- 
weight coating (MMW-PVAc) reduced the electroosmotic mobility to a greater extent; the 
high-molecular-weight coating (HMW-PVAc) was less effective than the MMW-PVAc. In 
general, the polyvinyl acetate coating was not sufficiently effective in reducing the electro- 
osmotic flow in glass capillaries. 

The most effective material for reducing electroosmosis was found to be methylcellulose, 
which was shown , however, to desorb from the surface in less than an hour (Figure 11). 
Therefore, the methylcellulose was irreversibly-adsorbed or chemically-bound to the glass 
surfe.ce by treating the surface with v-glycidojqrpropyltrimethojgrsilane (Dow Cornirg 
Z-6040), which binds to the glass, then using the epoxide group to link with the hydroxyl 
groups of the methylcellulose molecules. The mechanism proposed (L. H. Lee, J. Colloid 
Interface 751, 1968) for the binding of this and other trialkoxysilanes to glass surfaces 
is as follows: 

1. hydrolysis of the trialkoxysilane to the corresponding silanetiiol; 

2. chemisorption of the silanetriol on the glass surface (interaction between a 
hydrojqrl group of the glass with one of the hydrojqrl groups of the silanetriol); 

3. formation of hydrcgen bonds between hydroxyl groups of adjacent chemisorbed 
silanetriol molecules; 
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Figure 13- Elect roosmotic Flow in Coated Capillaries 

A, 110,000 M. W. of Mcthoecl MC 

B, Union Carbide Coating 


Electroosmotic Flow in Coated Glass Capillaries 
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(all three pVAc’s surface-hydrolyzed to PVA) 



4. polyraerization of adjacent silanetriol molecules durit® drying by splitting out 
water from hydrogen-bonded hydroj^l groups. 

For the Dow Corning Z-6040 , such a process would give a polysilanetriol chemisorbed to 
the glass, with an exposed surface of epoxide groups, which are free to form bonds with 
compounds containing active hydrogen , such as methylcellulose. The methylcellulose 
(Dow Methocel MC) is applied over the Z6040-treated surfe.ce and heated to form chemical 
bonds between the epoxide groups of the Z.6040 and the hydroxyl groups of the methylcellulose. 

Part of this methylcellulose coating can be removed by rigorous washing — this is referred 
to as "physically adsorbed"— and part is removed only with dlfficully — this is referred to 
as "chemically bound". This distinction is Important because the "physically adsorbed" 
metfaylcellulose appaYently-is'governed tiyaitadsorption-deeorptioa eqailibriom and thus, 
when a colloidal sol with partially covered surfaces is added to the cell, the methylcellulose 
can desorb from the cell wall and re-adsorb on the colloidal particles, reducing their 
• electrophoretic mobility, to that of methylcellulose (zero)-.-' Such tiesorption and re-adsorption 
would obviate th.e-electrophoretic.. separatioa.. .Fortunately, the "physically adsorbed" ... 
methylcellulose can be removed by rigorous washing, leaving the "chemically bound" 
methylcellulose, which does not desorb under these conditions. 

iThe methylcellulose forms a layer of uncharged hydrated polymer on the surfaces of both 
the colloidal particles and the cell walls, and thus effectively reduces the zeta potential to 
zero. The mechanism proposed for this reduction in zeta potential comprises an increase in 
viscosity at the distance ^ from the surface (usually the distance of the slipping plane) such 
that the slipping plane is moved outward from the surface to a distance where the potential 
is close to zero. 

This report presents results for this Z6040-MC coating system which show that the 
electroosmotic mobilily of glass capillaries (used in microcapillary electrophoresis cells) is 
reduced from the usual 3. 5 jum-cm/volt sec to about 0. 1 pm cm/ volt sec. 

The procedure used to coat the glass capillaries with the Z6040-MC combination was as 
follows: 

1. prepare the Z6040 solution by adding 80 gm of methanol to 20 gm of water, then 
addict 3 gm of Z6040 (as received) and one drop of glacial acetic acid; 

2. immerse clean glass capillary tubes in this Z6040 solution for one hour; 

3. remove glass capillary tubes from Z6040 solution, position vertically with lower 
end in contact with an absorbent paper towel, and dry under vacuum at 60“ C for 
one hour; 

4. prepare MC solution by adding 0. 175 gm of Dow Methocel HG (8000 cps) to 

100 ml of distilled water, stirring for 5 hours, allowing to stand for one hour, and 
then decanting the clear supernatant layer; 

5. immerse Z6040-coated glass capillary tubes in MC solution; 
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6. remove glass capillary tubes from MC solution, position vertically with lower 
end in contact with an absorbent paper towel, and dry under vacuum at 60“ C for 
three hours; 

7. rinse coated glass capillary tubes with distilled water until "physically adsorbed" 
methylcellulose is removed and only the "chemically bound" methylcellulose 
remains. 

The glass capillary tubes coated with different variations of the foregoir^ procedure 
were inserted in the electrophoresis cell shown in Figure 5 and their electroosmotic mobil- 
ities were determined from the parabolic electr^horetic velocity profiles. 


Table HI shows the results for glass capil^r^^ tubes coat^ with different -ra-riations of 
the Z6040-MC combinatioa and tested using O'. 60pm-diameter polystyrene 

latex particles (LS-1117-B). Although many more measurements were made than are listed 
in Table IE, the results given ar.e representative and reproducible to within + 0. 1pm cm/ 
volt sec. The charges on the glass capillary tu'be walls and on the latex’ particles were 
always negatiire. " ‘ * 


These results show that uncoated pyrex glass capillary tube walls (Run No. 1) have a 
strong n^ative charge (UQg = 3. 5pm cm/volt sec), which is halved by coatir^ the surface 
with Z6040 (Run No. 2). 

Coating the glass surface with methylcellulose but omitting the Z6040 undercoat (Run 
No.*s3 and 4) gave a low electroosmotic mobility initially, but the introduction of a 1% 
dispersion of the monodisperse polystyrene latex resulted in complete removal of the methyl- 
cellulose from the wall within 2 hours. (These experiments were carried out to determine 
the feasibility of using a sacrificial polystyrene latex to decrease the rinse time required to 
remove the excess methylcellulose from the cell; although the experiments were successful, 
this approach was not developed further because the rinsing procedure was effective and 
there was a possibility that some polystyrene particles m^ht adhere to the coated glass 
capillary hibe walls). 

The pyrex glass capillary tubes that were coated with the Z6040-MC combination 
according to the foregoing procedure (Run No. 's 5 and 6) showed after extensive rinsing 
stable low-electroosmotic-mobilHy coatings that did not lose methylcellulose 1^ desorption, 
as indicated by the unchanged electrophoretic mobility of polystyrene latex particles in 
phosphate and A-1 buffers stored in the tube for long periods of time. Similar results were 
observed when distilled water was stored in the coated capillary tubes for 7 months (Run 
No. *s 7 and 8); although the electroosmotic mobilily was increased somewhat, it did not 
exceed Ijiim cm/volt sec. This Z6040-MC coating was as effective for Kimax glass capillary 
tubes (Run No. ’s 9 and 10) as it was for the pyrex capillary hibes. 

All of the foregoing measurements were made in glass capillaries with an ID of one mm 
because the measurements of the parabolic particle velocity profiles are more precise for 
small capillaries. The glass columns used on the ASTP electrophoresis experiment, 
however, had an ID of 6. 3 mm. Therefore, a series of measurements were run in large 
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Electroosmotic Mobility of Coated Glass Capillary Tub^s 
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glass columns in order to verify the coating procedure and especially the rinse procedure 
developed for the capillaries. 




The major problems associated with the measurement of electrophoretic velocities in 
these relatively large glass columns result from their optical ehaiacteristics: 1. the wall 
thickness is relatively great (about 2 mm), which makes it difficult to determine the exact 
position of measurement in the channel; 2. the electrophorefic velocity of the particles can 
be measured down only to the center of the channel because of the limited working distance 
of the objective. Accurate microcapillary electrophoretic velocity measurements require 
that the measurement of particle velocities as a function of distance across the capillary 
be in a plane that intersects the longitudinal axis of the capillary, i. e. , the measurements 
must be made through the exact center of the channel. Since the refractive index of glass 


is .different fy;om,that of . 5 p.ter, ^ t^e optical p?jth,ig ^^placjed^.%s it^^^ through.. Jheglasa. 


MicrocapiUary electrophoresis cells usually have walls so thin (i. e. , less than lOOpm) that 
this optical displacement is small enough to be m^lected. 


The geomet^ and wall thickness of the glass electrophoresis, cplumns used in these 
measurements were not known accurately enough to make precise corrections for the optibal 
displacement. Moreover, the particle velocities could not be measured from one wall to 
the other. Therefore, the procedure used was to measure the particle velocities from the 
wall to the approximate center of the channel, where the fastest moving particles were 
selected for measurement (the fastest moving particles should be in the exact center of the 
channel). The uncertainty in the values of the electroosmotic mobilities was estimated to 
be + 0. 3jam cm/volt sec. 


Table IV gives the electroosmotic mobility results for pyrex glass columns coated with 
the Z6040-MC combination according to the procedure described above and filled with A-1 
buffer containing monodisperse polystyrene latex particles. As e;q)ected, the uncoated 
control column (Run No. 1) showed a high electroosmotic mobility and a high electrophoretic 
mobility of the polystyrene particles placed in it. The coated column which had been 
subjected to a 4~day static rinse with no water change (Run No, 2) showed a relatively low 
electroosmotic mobility (0. 8^m cm/volt sec), but also the presence of "physically adsorbed" 
methylcellulose, which at first gave erratic electrophoretic mobilities of the polystyrene 
particles stored in it and, after 24 hours, a greatly decreased electrophoretic mobility. 


In comparison, the columns subjected to the other rinsing procedures (Run No. *s 3-7) 
all showed electroosmotic mobilities of 0. 5;im cm/ volt sec or less. A 7-day static rinse 
with daily water chaises (Run No. 3) removed the "physically adsorbed" methylcellulose, 
while the 4-day static rinse with no water change (Run No. 2) did not. The combination of 
a dynamic rinse (a continuous flow of water through the column at a rate of bne liter/hour) 
with a static rinse (Run No. 's 4 and 5) also removed the "physically adsorbed" methyl- 
cellulose effectively. The dynamic rinse alone (Run No. *s 6 and 7) was effective only if it 
was continued for a period of at least two days (e. g. , a 30-hour dynamic rinse £Run No. 
still left some "physically adsorbed" methylcellulose). 

These results show that a period of at least 3 days is necessaiy to remove the "physi- 
cally adsorbed" methylcellulose. The rinsing may be dynamic or static provided that the 
water is chained frequently, especially in the early stages of the rinse. In these early 
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stages, 1-2 hours is sufficient for the solvent to become saturated with desorbed methyl- 
cellulose. After one day of efficient rinsing, several hours are required for the desorbed 
methylcellulose to attain an equilibrium concentration, which is lower than that of the 
earlier stages. 

The concentration of methylcellulose which desorbs from coated and extensively-rinsed 
columns filled with A -1 buffer was determined as follows. Two sets of three coated eolumns 
were filled with A-1 buffer, sealed, and stored for periods of 3 and 4 weeks, respectively. 

The A-1 buffer in each set of columns vias collected, a small concentration of polystyrene 
particles was dispersed in each solution, and after a time their electrophoretic mobilities 
were measured in the Rank microcapillaiy electrophoresis cell. No significant decrease 
in electrophoretic mobility was found, which indicates that the concentration of methyl- 
celMos.e.ia the A-j-l buffer was. very small. 

2. Plastic Surfaces 

’ ’• *■* « -** ♦* ‘ .' .* * 4 

, Plejdglas yag; considered. by NASA as ^ possible material pf construction for electro- 
phoresis cells in space. Therefore, preliminary experiments were initiated to develop a 
low-electroosmotic-mobUity coattt^ for Plexiglas similar to those developed for glass. The 
binding of molecules such as methylcellulose to Plexiglas substrates involves different 
chemical reactions than the corresponding binding to glass or Lexan. Plexiglas is essentially 
polymethyl methacrylate, sometimes with small proportions of other methacrylate or acrylate 
esters, or acrylic or methacrylic acid in the case for the high-heat-distor:tion grades. The 
obvious method of chemical bindir^ is the parrtial hydrolysis of surface methacrylate ester 
groups to form the carboxylate salt, followed by neutralization to the carbojyl form; this 
would give a random distribution of carboxyl groups over the Plexiglas surfece. Possible 
ructions of these carbojyl groups (and the functional group on the molecule to be chemically- 
bound) include: (1) esterification with elimination of water (hydroxyl group); (2) hydiegen- 
bonding (carboxyl group); (3) anhydride formation by heating of hydrogen-bonded carboxyls 
to eliminate water; (4) salt formation with a di- or tri valent metal ion (carboxyl group); 

(5) amide formation (amine group). 

Rectargular electrophoresis cells of the same configuration shown in F^ure 6 were con- 
structed of 1.6-mm-thick Plexiglas G sheet (Rohm & Haas). These cells have an inter- 
changeable center section that can be used to evaluate the electrokinetic properrties of 
different coatings on the Plexiglas as well as other plastic materials which are available 
only in sheet form. 

The interchangeable center sections were treated in the following ways: 

1. the cell section was merely rinsed with distilled water and dried, to establish 
the electroosmotic mobilily of the untreated Plexiglas surface; 

2. the cell section was filled with 0. 01% aqueous Methocel (molecular weight 110, 000), 
allowed to stand for 30 minutes, drained, and dried for a few hours in air at 50“ G; 

3. the cell section was coated with Dow Corning Z6040 as described earlier; 
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4. dilute Methocel solutioa was applied to the Z6040-coated surfece as described 
earlier; 

5. the cell section was filled with 0. IN sodium hydroxide, allowed to stand for one 
hour, drained, rinsed first with 0. IN hydrochloric acid and later with distilled 
water, then filled with 0. 01% aqueous Methocel solution as described above; 

6. the cell section coated with Methocel as described above was heated in water at 
70° C for 30 minutes. 

Table V gives the measurements of electroosmotic mobility for the variously-treated 
Plexiglas surfaces in distilled water, borate buffer, or phosphate buffer. The Dow Cornii^ 

. ^6040 coating had . yexy Jitiiq. effect .Ott t^q.eleetroQsmotic mobility, indiqatin^.tto^ ^ 

no reaction with the Plexiglas surfe.ce had occurred. All Methocel coatings showed signi- 
ficant decreases in electroosmotic mobility. The best results in phosphate buffer (electro- 
osmotic mobility of .0, 6;am cna/yqlt sec) wer.e.obfeined. fey hydrolysis, of tho Plexiglas surface 
. with sodium hydroride,, followed by. neutralization and reaction with the Methocel. The 
irreversible pihysical adsorption of Methocel observed with glass surfeces was hot observed 
with Plexiglas, indicating that, in those cases where a significant reduction in electroosmotic 
mobility was observed, there was some chemical binding of the Methocel to the Plexiglas. 


D. Water Permeation Through Lexan and Plexiglas Plates 

The Apollo 16 electrophoresis experiment showed that air bubbles had formed in the Lexan 
tubing during the two-week period from the loading of the cell to initiation of the experiment. 
Further experimentation in this laboratory demonstrated that Lexan is permeable to water 
to an extent which is consistent with the size of bubbles found in the Apollo 16 electrophoresis 
apparatus. This problem of water permeation through plastic materials used in the 
construction of electrophoresis cells, and the inevitable formation of air bubbles in the cells, 
has resulted in the initiation of an experimental program to coat and measure the rate of 
water permeation through plastic materials. 

The experimental approach adopted for measurii^ Ihe rate of water permeation through 
plastic plates was as follows. A standard glass container, which had an opening of 5 cm^ 
was first half filled with water. The specimen to be investigated was then eporied to the top 
of the container and stored in a desiccator. The weight loss was then followed as a function 
of time. It was found that after an initiation period of two or three days the rate of weight 
loss, or of water permeation, remained constant for several weeks. 

One material which is known to have a very low water permeability is a vinylidene 
chloride copolymer which has the trade name Saran. Samples of Saran lacquer resin were 
obtained from the Dow Chemical Company. The main experimental problem was to find a 
suitable solvent for the Saran, which would be a poor solvent for the Lexan and Plexiglas 
plates which were being investigated. A variety of solvents were used, such as 1, 4 dioxane, 
N, N dimethylformamide, and tetrahydrofuran, all of which attacked Lexan to varying 
d^rees, which were sufficient to destroy its optical properties. Cyclohexanone, however, 
was found to be an excellent solvent for Saran and, although it does swell Lexan, the rate 
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Table V 


Electroosmotic Flow in Coated Plexiglas Cells 


Cell Coating* 

Solvent Ug 

1 pra cm\ 

1 pm cn^ 

T 1 coated \ 

^volt sec 1 

[ volt sec f 1 



V ■ ■ ■ -• 


V ' ; ■ 

None 

Water 

2.60 

-3. 50 



MOC 

Water 

4.05 

-1. 50 

0.43 

Z6040 

Water 

4.10 

-6. 90 

1.95 

,.Z.604Q..* MOC 

Wa t er. . , ........ , , 

.•.?v-65 

. ... 


S.T. + MOC 

Water 

2.60 

-2.65 

0.76 

H. T. + MOC . 

Water , •. . .. 

... .. 

-0.20, 

.. 0.06 



..... . ... ...^, 

- •• * 

•*. V ■ ' -•A . 

None 

Borate Buffer 

5.00 

-5. 80 



MOC 

Borate Buffer 

5. 25 

-1. 80 

0.31 

Z6040 

Borate Buffer 

5.40 

-5. 60 

0.97 

Z6040 + MOC 

Borate Buffer 

4.45 

-3. 85 

0.66 

S. T. + MOC 

Borate Buffer 

5. 10 

-3. 20 

0. 55 

H. T. + MOC 

Borate Buffer 

5. 40 

-2.10 

0.36 

None 

Phosphate Buffer 

3.15 

-3. 25 


MOC 

Phosphate Buffer 

3.20 

-1. 00 

0.31 

Z6040 

Phosphate Buffer 

2.75 

-2.55 

0. 78 

Z6040 + MOC 

Phosphate Buffer 

2. 50 

-0. 75 

0.23 

S.T. +MOC 

Phosphate Buffer 

2. 50 

-0. 60 

0.18 

H.T. +MOC 

Phosphate Buffer 

2. 80 

-1.00 

0.31 


♦Coating Identification: 

MOC - methylcellulose (Dow; 110,000 M. W. ) 

Z6040 - ‘T^-glycidoxypropyltrimethoxysilane (Dow Corning) 
S. T. - surface treated with O.IM NaOH then O.IM HCl 
H. T. - heat treated in H2O at 70“ C for 30 min. 
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of attack was relatively low with very little loss in optical properties. 

Table VI summarizes the results on coated Lexan and Plexiglas plates which were 

0. 10 cm and 0. 16 cm thick, respectively. The dioxane and tetiahydrofuran (THF) solvents 
had the effect of attacking the Lexan to a much greater extent than the Plex^las. This 
results in both of these solvents being suitable for Plexiglas, as opposed to Lexan, both in 
terms of optical properties and d^ree of water permeability. The cyclohexanone, however, 
was found to be the best solvent for Saran and to be compatible with Lexan. These results 
indicate that the water permeability of both Lexan and Plexiglas can be reduced signifi- 
cantly, probably to a much greater d^ree than reported in Table VI. 


g....C.QJicahSiQ.hg . ...... .. ... .. , 

The following conclusions can be drawn from this work: 


«>-v *v>; % •’.f 


1. The Z6040-MG coatirg on pyrex glass columns or plastic surfaces decreases their 
electfoosrhotic mobilities to small negative values', most likely 0. 2 £ 0; ]^m cm/' 
volt sec; 

2. This coating gives both ‘"physically adsorbed" and "chemically bound" methyl- 
cellulose; 


3. The "physically adsorbed" methylcellulose must be removed because otherwise it 
might desorb from the cell wall and re-adsorb on the particles to be subjected to 
electrophoretic separation; 

4. Extensive rinsing of the coated columns for a period of at least 3 days is required 
to remove the "physically adsorbed" methylcellulose from the surface; 

5. Rinsing of the coated columns over much longer periods of time eventually results 
in the removal of part of the "chemically bound" methylcellulose, resulting in an 
increase in the electroosmotic mobility. 

6. The. permanency of the Z6040-MC coating is suitable for free-fluid electrophoretic 
separations such as the ASTP experiment but its suitability for continuous particle 
electrophoretic separations, e.g. , the Beckman CPE, has not yet been demon- 
strated. 
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Table VI 


Water Permeation Results 


Steady State 


Plate 

Coatii^ 

Weight Loss 
mg/day 

Observation 
Period! days 

Optical App“eafance 

•Lexan 

nncoated'^- 

0.83 

■ 20- 

■ - •: -Clear 

Lei^a ” 

1 % Safan ifi DibkaJne ' 




Lexan 

10% Saran in THF 

0. 56 

15 

Cloudy 

Lexan 

10% Saran in Cydo^ 
hexanone 

0.54 

16 

Clear 

Lexan 

20% Saran in Cyclo- 
hexanone 

0.11 

83 

Clear 

Plexiglas 

uncoated 

1. 25 

15 

Clear 

Plexiglas 

1% Saran in Dioxane 

0.33 

15 

Clear 

Plexiglas 

10% Saran In THF 

0. 10 

23 

Clear 
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GHAPTER III 


RESOLUTION OF SEPARATION OF FREE-FLUID ELECTROPHORESIS 


A. Introduction 


The success of free-fluid electrophoresis in separaticg biological cells in space 
depends upon the degree to which particles of different electrophoretic mobilities can be 
separated. An accurate prediction of the results of such an experiment depends upon a 
knowledge of experimental parameters* such as applied potential gradient and dimensions 
of the channel wall, as well as of the values for the true electrophoretic mobilities of the 
particles to be separated. One of the major problems encountered thus far is that the 
•biological systems proposal- for- separation in ■spacevare-those in*which the particles have” - 
not yet been separated on earth by electrophoretic separation techniques. Although there is 
reason to believe that biological differences in cell populations may be reflected by dif- 
ferences 'iir their electritsai double-la^er properties, these 'differences must-be relatively • 
small ^or else the problem of separation would nbt exist* Therefore, the three major .goals 
of this research program have been to define, develop, and verify the ejq)erimental para- 
meters that will lead to a maximum separation of particles which have a minimum difference 
in electrophoretic mobilities. The subject of this theoretical approach is to define the 
conditions which lead to maximum resolution in free-fluid electrophoretic separations in 
cylindrical tubes. 


B. Theory of Electroosmotic Flow 

The observed velocity Vs of a charged particle exposed to an applied potential in a 
closed channel of circular geometry may be defined by the equation: 


V 


obs 


= V + V 
e 


where Vg = electrophoretic velocity of the particle 

V = the solvent velocity due to electroosmosis. 


The solvent velocity under these conditions is defined by the equation: 


V = U 




(26) 


(27) 


where r = distance from center of channel 
a = radius of channel 

U = electroosmotic velocity at channel wall, i. e. , where r = a. 


Combining Equations 26 and 27 yields: 


V , = V + 

obs e 


U 



- 1 


\ 

/ 


(28) 
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or 


V ^ = U E + U E 
obs e os 


(29) 


/ 


2r 


V 


- 1 


\ 

/ 


where = electrophoretic mobility 

U = electroosmotic mobility 
os 

E = applied potential gradient. 


Equation 29 predicts that, for values of l^g less than zero, the particle velocity is at 
a maximum in the center of the channel (i. e. , when r = 0), and decreases as r increases. 

The controlling factor that determines whether or not separation of two different types of 
particle will occur is the velocity of the trailing edge of the faster particles relative to the 
'velocity of 'fee iead^^^ e’djge df 'the §lower"fj^lfficleS. ‘ If the velocity" df th'e'lhttcr is less fhan 
that of the former, separation will occur. If the two velocities are equal, or if the velocity 
of the latter is greater than that of the former, separation will not occur. If the sample 
plug has' a radiiis of d, the velocity' of interest Tor the -iS.ster particles' ithe trailing edgei ’ 
subscript 1)^ is at r and the yidloeity -of interest of the slower particles' (the ieadflag- ■edge;- > 
subscript 2) is at r = 0. Equation 29 may now be used to define these velocities of interest; 


V 


obsl 


U ,E 
el 


U E 
os 




(30) 


V,_„ = U„E-U E 
obs2 e2 os 


(31) 


Although niust be greater than Vg|jg 2 for a separation to be experimentally feasible, 

the limit occurs when ~ ^obs2* > Equations 30 and 31 may be equated and re- 

airrar^ed to yield: 


Au» =-2R^U 
e os 


(32) 


where AW = U - - U „ when 'V ^ , = V , and 
e el e2 obsl obs2 


R = d/a. 


The physical significance of A U’g is that it represents the absolute m inimum difference 
in particle mobilities which may be separated under any experimental conditions. Equation 
32 predicts that A U’^ is directly proportional to both the electroosmotic mobility and the 
ratio of sample plug radius to the channel radius squared (i. e. , Rp). Furthermore, 

Equation 32 is independent of the applied potential and implies an unlimited time and distance 
for the separation. Figure 14 shows the variation of A U’g as a function of R for different 
values of Uqs* importance of the value of R for an electrophoretic separation ejqjer- 
iment is evident, especially for low values of AU’e- For example, if the particles to be 
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R, Ratio of Sample Radius to Channel Radius 

FIGURE 14 Minimum Difference in Partiele Mobility Required for Separation 

fiQ T7iinr»finn nf Pnlnflvn SI Tin nf SnmvMja “Pliicr 


separated have electrophoretic mobilities differing by only 0. 2p.m-cm/volt-sec, they can 
be separated, even though the electroosmotic mobility may be as high as ^m-cm/volt- 
sec, if the R value is 0. 2. 

Although Equation 32 is extremely useful for predicting whether or not a given separation 
Is possible, it in no way indicates its ejiperimental practicality . For this, the distance 
between particle bands as a function of all the experimental variables including separation 
time is of primary importance. Equation 30 gives the velocily of the trailing edge of the 
faster particles, while Equation 31 gives the velocity of the leading edge of the 

slower particles, The separation distance between particle bands, AD, may be 
defined as: 






AD--V 


obsl obs2 


^ 3 ) 


wherp..t is ihe separation tiin.e a.od 9 is the bnitial .thickness of .the sarnple..plug,. , Equations., , 
30 and 31 may now be substituted into Equation 33 to yield: 

AD = AU Et + 2U ER^t - 0 (34) 

e os 

/ 

where A Ug is the difference in electrophoretic mobility between particles 1 and 2. Equation 
34 may be used to calculate the distance between sample ba,nds as a function of time, sample 
plug thickness and radius, applied potential, electroosmotic velocity, and the difference in 
electrophoretic mobility of the particles to be separated. 

The primary concern for any planned free-fluid electrophoretic separation of colloidal 
particles where the results are recorded photographically, is a prediction of whether or not 
the particles will separate into distinct bands. From this point of view, the limiting separa- 
tion occurs when: AD from Equation 34 is set equal to zero; AUg represents the minimum 
difference in electrophoretic mobility, A and t represents the maximum time allowed 

for the separation under a given set of experimental conditions, t ^^^ . Equation 34 may now 
be rearranged to yield: 


A U 


e . 
min 


0 

Et 

max 


2U R^. 
os 


(35) 


Although Equation 35 is usefiil, it does not contain all the experimental variables expressed 
explicitely. The maximum time allowed for the separation t^^ is a function of the length 

of the channel L, the electrophoretic mobility of the particle with greatest velocily Ue may * 
the applied potential E, and the electroosmotic mobility according to the equation: 


t 

max 


(U^ - U„,) E ' 

etnax os' 


( 36 ) 
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Equation 36 assumes that the separation must end when the first particle reaches the end 
of the channel (and also that U ^ is negative, an initial assumption of the 

Oo 

derivations). Substituting Equation 36 into Equation 35 yields: 


AU, 


®min 


0Ue - (0 + 2R L) U 
max os 


or 


An, 


emin 


= 

L 


-(±+2R^)U^ 
6max L 



Equatfon 37 expresses the mimtnuih'differenjjein partiele mobillties-tiiat'may be separated ••• 
into separate bands as a fiinction of the controlling experimental parameters. 


' ’Equation 37- was derived’ wilh the' assumption that the channel- wall has the same ehai^e 
• as the particles. A more -gmeral derivation-yields, the following equation: - 


Au 


©min 


e 0 2 

__ Uo + ( + 2R ) 

L ®max L 


U 


os 


(38) 


where I U 1 is the absolute value of U . 
' os ' os 


Equation 38 'was derived with the assumption that no temperature gradient exists in the 
electrophoresis column. All of the electrokinetie terms in this equation -will now be defined 
to be those corresponding to 25° C. If it is assumed that no temperature gradient exists 
along the axis of the electrophoresis column, but that a radial temperature gradient may 
exist from the center to the channel wall, there are three parameters which must be defined 
in order to calculate Auemin’ temperature at the channel wall T_j, i. e. , at R^ = 1; the 
temperature in tiie center of the channel i- e., at = 0 ; and the temperature at the 
maximum distance of the particles from the center of the channel T^, which is defined by 
R in Equation 38. If the temperature gradient is now assumed to be continuous (e. g. , a 
linear or parabolic temperature gradient). Equation 38 can be re-stated as the following 
general equation: 


AU- . =U’ 

emin Sxnax 


- U'e =1, 


U' -f- ( £ + 2R^) U' 
©max ' T os 


(39) 


where all the primed electrokinetie terms are defined as the values at any one, or 
combination, of the three temperatures ^ , T^, or^. 

Two conditions of electrophoretic separation must now be defined and treated separately. 
The first is when the electroosmotic flow is in the opposite direction to the electrophoretic 
velocity, i. e. , the sign of the charge on the channel wall is the same as on the particles 
and parabolic velocity profile is in the direction of the particle travel. The second is when 
the electroosmotic flow is in the same direction as the particles, i. e. , the sign of the 
charge on the channel wall is opposite to that of the particles and the parabolic velocity 
profile is inverted, in the opposite direction to the travel of the particles. 
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The first condition of the parabolic velocity profile will be considered first. 

The electrophoretic mobilily of a particle is defined by the von Smoluchowski 
equation: 

Ue ' — . m 

4 ITT? 


where C is the zeta potential, and e and I 7 are the dielectric constant and viseosi^ of the 
liquid medium. If it is assumed that the zeta potential is independent of temperature: 




U = K 1- 
e r? 




(41) 


where K 5 ^ f (T). The convention adopted earlier, i. e. , that the unprimed electrokinetic 
terms are applicable only to 25° C, leads to the following expressions: 




Ue = K^ (41a) ; 
® ^25 


u 


max 


= Kg (41b); 

max ^ 25 


U = K 
os os 77 


‘^‘ 2-5 ‘ 


(41c) . 


25 


Since the temperature conditions in the channel are not defined. Equation 39 must be 
related to Equation 38 in order to define the resolution of separation of 25° C, which is the 
temperature of the experimental electrophoretic measurements. 




The driving force for electroosmotic flow is at the channel wall, which is defined above 
as being at temperature T The electroosmotic mobility at temperature T^ is: 


U* 

os 


K £1 
^1 


or combining with Equation 41c: 


U’ 

os 


^l''^25 U 
’^ 1^25 


os 


(42) 


(42a) 


The resolution of separation of the slower moving particles is controlled by the position 
of these particles at the apex of the parabola in the center of the channel, which is defined 
above as being at temperature T 2 - The electrophoretic mobility of the slower movii^ 
particles at temperature T g is: 


U' =K 
e 



or combining with Equation 41a: 

U’ = 
e 


^ 2^25 


^ 2^25 



(43) 


(43a) 

reproducibility of ths 
ORIGINAL PAGE IS POOR 
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The temperature in the center of the channel ^2 controls the effective separation 

distance throtffih U' expressed in the right-hand side of Equation 39, so that: 
®max 


U’ 


©max 




'max 




(44) 


or combining with Equation 41b: 

^2 ’’25 

U’ = ^ U„ 

emax ©max 

'2 25 


(44a) 


.-.IV. 



tempprature Tg. 


ature T_ is: 


U’e 

reir^ at 

The electrophoxetiq mobility' of the fastei^ movii^ particles at temper^-. 


U* = K 

6max emax 




(45) 


or combining with Equation 41b: 

U» 


emax 


^3 ^25 


U 


emax * 


Substituting Equations 42a, 43a, 44a, and 45a into Equation 39 yields: 

^3 - ^2 U = ® Up + (e+2R^) ^1 U ^ 

— - ^emax — e — ■ ““ ®max ■— “ os 

’lo r?„ T\ n„ L V. 


■3 ''2 ^ '2 '1 

The electrophoretic resolution of separation is defined by the equation: 

A Up . = U- - Ue . 

®min emax ® 


(45a) 


(46) 


(47) 


which may be substituted into Equation 46 to yield: 




- ( + 2K^) D 

L 


OS 


(48) 


Equation 48 defines the resolution of separation for the forward parabolic velocity 
profile as a function of temperature in terms of the temperature variation of the dielectric 
constant and viscosity of the fluid medium. 
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A similar derivation for the second condition, an inverted parabolic velocity profile, 
which occurs when the chaise on the particles and the channel wall are the same, gives 
the following equation: 




u, 

‘ 3”2 


max 


0 

17 


( ^ + 2R^) 




U , 
os 


(49) 


where the symbols have the same meanings. 


G. Variation of Viscosity and Dielectric Constant With Temperature 

..i—. The- viscosity of the A«*l. buffer was-measurioi. ia .the temperature range 0-30° C. usiig,.a. ^ 

Brookfield viscometer equipped with an UL adapter. The viscosity was found to vaiy from 
2. 5 to 1. 0 cps over this temperataire range. Figure 15 shows the variation of reciprocal 
■viscosity with temperature- for A.-1 buffer and water. >The points represent the experimental, 
yalu.es,. wlfile -the, solid lines represent t^e best jipeaj; .fit tfepough the experin^ental .poin^,,, • 
The equation for the A-1 buffer is: 

^ = 0.0184 T + 0.4, (50) 

where 7] is the viscosity in cps and T is the temperature in ° C. 

The dielectric constant temperature variation of the A-1 buffer has not yet been measured. 
However, Figure 16 shows the literature values for pure water; again points represent the 
e:q)erimental values and the solid line represents the linear fit according to the equation; 

€= -0.371 T + 87.85. (51) 

Equations 50 and 51 may now be substituted into Equations 48 and 49 in order to express the 
resolution of separation, AU . , as a function of temperature. 


D. Nature of the Temperature Gradient 

The only problem which remains for a complete analysis of the electrophoretic resolution 
is to determine the nature of the temperature gradient. For example, if the channel wall 
is at 10° C and the center of the channel is at 15° C, then T j = 10° C and ^2 ^5° C. The 

value of ^2 is not known and must be determined by experiment of from a mathematical 
expression which gives the temperature gradient as a function of distance from the center 
of the channel. The temperature-distance variation can be assumed to be linear or para- 
bolic. The parabolic assumption, which is considered to be the more realistic, gives the 
followir^ expression for T^: 



( 52 ) 
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E. Predictioa of Resolution of Separation 


The electrophoretic resolution of separation A may now be caleulated from the 

followii^ parameters: the dimensions of the electrophoresis column; the dimensions of the 
sample plug; the electrophoretic mobilily of the faster moving particles; the electro- 
osmotic mobility at the channel wall; and the temperatures at the channel wall and in the 
center of the channel. 


The maximum resolution, i. e. , the minimum value of A Uemin* equal to Uemax 
it occurs when Ugs is zero and there is no temperature gradient in the channel. The 
maximum resolution may also occur when Ugg is not zero; in this case, the electroosmotic 
mobility is exactly counter-balanced by the effects of the temperature gradient. This con- 


dition may be expressed inathematically by setting the left-hand side of Equations 48 and 49 
equal to Ug^^ 0/L and solnng for all t^e terms which are a’fdnctidn bf tempefahire. Xh ' 
explicit solution has not yet been derived because of the complex nature of the resulting 


eguations; however j an approximate solution can be obtained by forcing a linear fit of e/^as 
a function of temperature accordihg to the equation: 


^ = 1.276T + 35.7. (53) 

1 ? 


Figure 17 shows that Equation 53 (dotted line) is a reasonable representation of the experi- 
mental values (solid line) in the temperature lat^e of 0-30° C. 

Equations 48 and 49 may now be solved for the conditions of maximum resolution and 
expressed as a function of temperature through Equations 52 and 53. The resulting 
equation is: 


= CTi + 30) (® ^3) V 

©max 


(54) 


where Ugg is negative for a forward parabolic velocity profile and positive for an inverted 
parabolic velocity profile, predicts the temperature gradient conditions which are necessary 
to yield maximum resolution. It is interesting to note that the temperature gradient 
conditions are not fimctions of the absolute values of Ugs and Uemax’ rather Of their 
ratios. Equation 54 has been used to calculate the temperature gradient conditions when 
9 = 0. 0 cm, L = 14 cm and R = 0. 75. Figure 18 shows the results of these calculations for 
different values of the ratio Uos/Ue mqx forward and inverted parabolic velocity 

profiles accordic^ to Equation 54. The resolution of separation will be improved, at least 
initially, when the channel-wall temperature is higher than the center temperature for a 
forward parabolic velocity profile, and when the center temperature is higher than the wall 
temperature for an inverted parabolic velocity profile. Furthermore, maximum resolution 
is obtained with a smaller temperature gradient in the case of an inverted parabolic velocily 
profile. 
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Figure 18 Temperature Grandient Conditions Necessary for 

Maximum Resolution for Different Values of UncsV^Ua 




Equations 48-52 may now be used to calculate the resolution of separation for different 
values of U^g and Ue may » assuming the followii^ values of the experimental parameters 
which represent the best values available for the ASTP ejqjeriment: 9 = 0. 3 cm, L = 14 cm; 
^ = 0. 75; T 2 = 15“ G. Figures 19 and 20 show the variation of resolution of separation with 
channel-wall temperature for a forward and inverted parabolic velocity profiles, respec- 
tively. Figure 19 also contains two curves (C and E) which show the effect of a temperature 
gradient in the absence of electroosmosis. It is obvious from these results that the 
temperature gradient should be kept to a minimum. Also, since the channel-wall temper- 
ature is expected to be lower than the center temperature because of external cooling, ,an 
inverted parabolic velocity profile in which the channel wall has a relatively small chaige 
of s^n opposite to that of the particles should give an improved resolution of separation. 


Figure _21 shows the va^tion pf^resolutipn of separation with electropsmotie mobility 
' when the channel wail is at 13“ and the center temperature is 15“ C for different^ values 
of Uemax* Ue -may increases, maximum resolution of separation occurs at increasing, 
.but low, values ..pf UQg.in the ppsitiye direction. This means that if the faster moving 
particles have a negative charge with an electrophoretic mobility of 3jum-cm/volt-sec, then 
" the maidmurn resolufioh of sbpara will ocPur '^heh the bliahhel^ has' a positive" chaf^^ 
with an electroosmotic mobility of 0. 06;xm-cm/volt-sec. 


The forgoing theoretical derivation shows that the resolution in free-fluid electro- 
phoretic separations depends upon the temperature gradient. If the cell dimensions, the 
temperatures at the center and wall of the cell, and the electrophoretic mobility of the faster 
moving particles are known, the electroosmotic mobility that would give maximum resolu- 
tion can be calculated. Thus far, our experiments have been directed toward minimizing 
the electroosmotic mobility, and values as small as 0. 1-0. 4p.m-cm/volt-sec {negative) 
have been achieved consistently. However, with external coolii^ of the cell wall (i. e. , the 
temperature of the channel wall is lower than that of the center of the column), the 
resolution of separation would be enhanced if the channel wall bore a slight chaige opposite 
in sign to that of the particles. Therefore, assuming that the samples proposed for 
separation comprise negatively chaiged particles, it would be desirable to develop coatings 
which would have a slight positive charge. 


F. Computer-Calculated Prediction of Free-Fluid Electrophoretic Separation 

» The equations which were derived in the above analysis define the resolution of 
electrophoretic separation as a function of the physical and experimental parameters such 
as: length and diameter of the electrophoresis column; thickness and diameter of the 
sample plug; electroosmotic mobility at the cell wall/liquid interface; maximum electro- 
phoretic mobility of the particles to be separated; and the radial temperature gradient 
generated in the electrophoresis column by joule heating. Although this analysis is useful 
for making a judicious choice of the experimental parameters and for matching the experi- 
mental parameters to the electrophoretic characteristics of the particles to be separated, 
it does not define completely the results of a separation. Therefore, the model adopted in 
the above analysis was used to construct a computer program which would predict the 
position and concentration of particles in free-fluid electrophoresis as a function of time. 
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Channel Wall Temperature (£j) , °C 

Figure 20. Variation of Resolution of Separation with Channel Wall Temperature 

for Inverted Parabolic Velocity Profile as a Function of Electroosmotic 
Mobility and Maximum Electrophoretic Mobility of the Particles 
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Figure 21 Variation of Resolution of Separation with Electrons ipotic Mobility as a Function of 
Maximum Electrophoretic Mobility of the Particles, t 



The computer program results were calculated using the following experimental 
parameters; 


Length of the electrophoresis column. ..................... 14 cm 

Sample plug thickness 0. 3 cm 

Ratio of sample plug radius to column radius. .............. 0. 75 

Temperature at center of column. 15° C 

Temperature at column wall. ............................. 13° C 

Electroosmotic mobility. ................................. 0, 20pm cm/ volt sec 


Included in the computer program are the following assumptions; the radial temperature 
gradient in the column is parabolic; the electrophoretic mobiliiy of the sample particles is 
temperature-dependent only with respect to the dielectric constant and viscosity of the . 
electrolyte medium; the temperature is independent of the length of the column and does not 
vary with time; and the potential gradient is unifoma throughout the column. 

The input for the electrophoretic mobility of the sample particles was designed to use 
’'hot 6nly“ singte' valued, but atsb the complete 'Mebirophbretlc' mbbUl^^ proSaded' ' 

it can be expressed mathematically. A prerequisite for predicting the results of an 
electrophoretic separation, therefore, is a knowledge of the electrophoretic mobility 
distribution of the sample particles* Since one of the objectives of formulating this computer 
program was to aid in the analysis of the ASTP fixed red blood cell mixture experiment, the 
fixed red blood cells of rabbit, human, and horse were used for the initial computations. The 
electrophoretic mobility distributions for rabbit, human, and horse fixed red blood cells 
were measured in this laboratory by micro-capillary electrophoresis. These results are 
the solid lines of Figure 22; the bar graphs are the results reported by Dr, Knox, (Monthly 
Report, September 1975, NAS8-30887). The mobility distributions were then expressed by 
parabolic, straight line, and gaussian distribution functions. 

The computer-calculated electrophoretic separations are shown in Figures 23, 24 and 
25 for the parabolic, straight-line and gaussian distributions, respectively. The computer- 
calculated separations are presented in two different ways. The lower curve shows the 
concentration of particles as a function of length of the column. This lower curve gives no 
information concerning the radial distribution or position of particles in the column. The 
upper printout of each figure shows the cross-sectional position of particles in the column. 
This, printout shows the location of particles in the column, but does not represent their 
concentration, i. e. , each symbol does not have the same weight in terms of concentration. 
The combination of both types of computer outputs would be necessary to give a complete 
prediction of a FFE separation. 

The results of Figures 23, 24, and 25 show the position of the particles after they had 
undergone electrophoretic migration for a distance of 14 cm. The time of migration is not 
important here because an arbitrary •reilue of 10 volts/cm was used for the potential 
gradient. These results, fiirthermore, are not intended as a prediction of the ASTP fixed 
red blood cell separation since the experimental conditions were not the same. The results 
do show, however, the effect of different distributions on the d^ree of separation. While 
the parabolic and straight-line distributions yield practically identical results, the Gaussian 
distribution results in a somewhat poorer separation. This result is due to the fact that a 
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Gaussian distribution fitted to the experimental results leads to a more gradual decrease 
of the particle concentration to zero at high and low electrophoretic mobilities than pre- 
dicted by the straight line and parabolic distributions. Since the Gaussian distribution 
shows "tails" larger and smaller than those of the experimental data, it is unrealistic and 
therefore shall not be used for future analysis of fixed red blood cells. 


The two experimental variables which were investigated were the electroosmotic 
mobility and the radial temperature gradient AT, where At is equal to the temperature 
in the center of the column minus the temperature at the column wall. The computer 
printout results with At at a constant value of 2° C and varying Uqs are reproduced in 
Figures 26-30 for UQg values of -0. 3, -0. 2, -0. 1, 0. 0, and +0. 05jxm-cm/volt-sec, respec- 
tively. The results show that, as the magnitude of Uog decreases, the degree of separation 
of the fixed red blood cells increases, with the maximum separation occuring at a Uqs value 
of +0. 05)im-cm/vott-secif' ''T^’hei^e r are in agreeifi’erit' vdth pVSWbuslj^^eiJdrtefi 
which showed that the maximum resolution (i, e. , minimum value for AUemin) these 
experimental conditions occurs at a U value of +0, 05um-cm/volt-sec. 

" •*' I*-'. •* ' ' OS - .•»’ f > 


■ The db'mpttfer priatout resttlts -with Uo^'^atia'Canstant- vsilure- of -0;-2;im-cm/ volt-sec' -and- • 
varying AT are reproduced in Figures 31, 32, and 33 for AT values of 5° , 0° and -5°C, 
respectively. The results show that as AT decr^ses the d^ree of separation increases. 
Negative values of AT means that the temperature in the center of the column is lower than 
at the column wall. Although a negative temperature gradient is unrealistic, the results do 
show the effect which a temperature gradient has on the degree of separation in FFE. 


The computer program which has been developed for predicting the electrophoretic 
separation of particles in FFE can predict the d^ree of electrophoretic separation as a 
function of the different physical and experimental parameters. The computer printout 
results predict the position of particles in the column and the concentration profile of the 
particles along the length of the column as a function of time. This information can be 
useful for the design of the experiment itself and for evaluating candidate samples for this 
type of separation. This type of analysis is also expected to be useful for evaluating the 
ASTP fixed red blood cell experiment. The information necessary for a valid evaluation of 
the ASTP results is a knowledge of the electrophoretic mobility distribution of the rabbit, 
human, and horse fixed red blood cells, the absolute concentrations of each of these cells, 
a knowledge of the minimum concentration of cells which can be photographed under identical 
experimental conditions, and the flight film information such as the velocities of theTeading 
and trailing edges of all visible bands. 
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CHAPTER IV 


EVALUATION OF THE BECKMAN CPE WITH STANDARD PARTICLES 


A. Introduction 


The Beckman CPE (continuous partiele electrophoresis) apparatus was modified and 
evaluated for its potential use as an analytical instrument to determine the absolute values 
of the electrophoretic mobility of particle mixtures as well as the electrophoretic mobility 
distributions. During the course of this work, a series of monodisperse polystyrene latex 
particles, some of which were dyed different colors, were evaluated for their potential 


use as^ standard particles. The use of dyed latex particles of known electrophoretic 
mo'biiities was considered Imporianf foFetaluati^ of'tfie fee&fcman dPE because th'e colbrs*’ ’ 


of the separated fractions could be easily observed and thus the need for collectir^ and 
measuring the different fraction was obviated. 


B. Experimental 


The Beckman CPE was modified so that the displacement of the particle stream diie to 
electrophoresis can be recorded accurately and reproducibly. The Plexiglas window, 
which is located at the bottom of the separation cell and which is used for the visual 
observation of the sample stream by means of reflected light, was replaced by a quartz 
window, which is transparent to ultraviolet light. A small optical^beneh with an ultraviolet 
l^ht source and slit for control of beam dimensions was placed in front of the window. The 
optical bench was attached to a motor, which moves it horizontally across the window to 
scan the particle stream after the separation and a resistance box, to establish the precise 
position of the ultraviolet light beam electronically. A UV-sensittve phototube was located 
in a fixed position on the other side of the window. A Houston Instruments Model 2000 X-Y 
recorder was used to record the intensity of ultraviolet radiation on the Y-axis and the 
horizontal position of the optical bench on the X-axis. The electrolyte used in the initial 
investigation was sodium barbital (Veronal) buffer, which has a pH of 8, 6. 


The particles used in this investigation were monodisperse polystyrene latexes. The 
electrophoretic mobilities of the particles were measured usii^ the Rank Brothers 
Microcapillary Electrophoresis apparatus. The following procedure vms used for dyeing 
the latex particles. An oil-soluble dye was dissolved in benzene; the resulting solution 
was emulsified in water and added to the latex in a 1:1 benzene solution-latex polymer 
ratio. Benzene is water-immiscible and a good solvent for polystyrene-type polymers; 
therefore, it should swell the partibles by diffusion from the emulsion droplets through the 
aqueous phase. Polystyrene latex particles display equilibrium swelling values for good 
solvents of about 2-3:1 solvent-polymer ratios (the equilibrium swelling ratio increases with 
increasing particle size and decreasing polymer-water intertacial tension). The swelling of 
the latex particle by the benzene is expected to take the dissolved dye along with it, provided 
the dye is also a "solvent" for the polymer. Once the particles are swollen with the 
benzene-dye solution, the benzene is removed (and the dye left behind) by steam distillation, 
preferably at reduced pressure. Two requiremaits for the success of this experiment 
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(which are not a priori predictable) are: 1. the latex must remain stable during the 
solvent-swelling and sol vent- removal steps; 2. the latex particles must not r^ect the 
dye. 

The 0. 109jnm and 1. 0!^m monodlsperse polystyrene latexes were dyed with Calco Oil 
Blue and Calco Oil Red (American Cyanamid Co. ), respectively. The solutions (5%) of 
dye in benzene were added to a small sample of latex in 1:1 benzene solution-latex polymer 
ratio, and the samples were agitated in various ways to facilitate mixing. In all cases, 
the benzene solutions were sorbed into the latex, which took on the color of the dye. In 
some cases, the sorption of the benzene solution left some eolored matter ft>erhaps 
rejected dye) on the top of the latex; this was removed and the experiment was continued. 
Examination of the latex samples by optical microscopy (lOOOX) showed the presence of 
latex particles and no other particles, i. e. , if any particles of (tye were present outside 
the” Ihtex partielfeS , * th^' werS' too sthaff'feTie'i'esdlVea ittidei* thes e conditions. The samples' 
were subjected to steam distillation under vacuum to remove the benzene. 


C. Theoretical . ^ ^ . 

The principles of flow in the continuous-flow electrophoresis system have been described 
by Strickler and Sacks (Ann. N.Y. Acad. Sci., 209, 497, June 1973). A schematic repre- 
sentation of the electroosmotic flow and Induced flow in the curtain is presented in Figure 
34. The parabolic flow profile due to electroosmosis is in the x-y_ plane and is either 
positive or negative in the 2 . direction, while the induced parabolic flow profile is in the 
x-z plane and is always positive in the z direction. The sample is injected into the center 
of the stream with a cylindrical configumtion and moves with a constant electrophoretic 
velocity in the^ direction in the presence of an applied potential. The migration of the 
particles is affected by two fectors, both of which are a function of their position in the_^ 
direction: the electroosmosis of the electrolyte medium which affects the net particle 
velocity; and the Induced parabolic flow profile which affects the velocity of the particle 
in the z direction and hence the time of exposure of the particle to the electric field. Both 
factors ultimately affect the migration distance of the particles and the configuration of the 
sample stream. Both the electroosmotic and Induced parabolic flow profiles of the 
electrolyte medium have compensatiig effects, i. e. , as the particle position increases from 
the center of the channel the net particle velocity decreases in both the ^ and z directions. 
This means that the slower-moving jxirticles will be subjected to electrophoretic migration 
for a longer period of time than the faster-movirg particles in the center of the curtain 
flow. In principle, therefore, it is possible to match the electroosmotic flow to the induced 
flow so that the sample streams will remain undistorted after separation. Under these 
conditions, the displacement of the sample stream will be controlled by the particles in the 
center of the curtain where the velocity of buffer in the £ direction and the positive velocity 
of buffer in the direction are both at a maximum. The displacement of the sample bands 
under these conditions may be defined by the equation: 

d = kE (U^ + U^), (55) 


where k = time of separation, sec, 

E = applied potential gradient, volts/cm. 
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Ue = electrophoretic mobility of the particles, ^um cm/ volt sec, 

Ub = the effective electrophoretic mobility of buffer in the center of the 
channel, ;im cm/ volt sec, 
d = displacement of sample band, jam 


Equation 55 may be defined in terms of the instrument parameters of the CPE system. 
Since the current flow is in a cell of rectangular geometry, the electrolyte velocily in the 
center of the channel can be related to the electroosmotie velocity by the Komagata Equation. 
Under the conditions present in the CPE, the velocity in the center of the channel is equal 
to one-half the electroosmotie mobility so that = UQg/2, where Uqq is the electro- 
osmotic mobility at the cell wall/liquld interface. It can also be shown from hydrodynamic 
equations that the velocity of a fluid in the center of a rectangular channel is equal to 1. 5 
Vav» where Vay is the average linear velocily. The time of separationje, therefprq, is. ^ .. 
equal to L/1. 5 Vav» where L is thelei^th of the channel which is exposed to the applied 
field. Since Vav = F/A, where E is the rate of volume flow and ^ is the cross-sectional 
area of the channel. Equation 5.5 may be e.xpres.s.cd as; , . ... 

i » , y ** * - * 


d = L A E 
1.5 F 




d = (1 A -E/1. 5 F ) [Ue + (Uos/^)] 


(56)' 


The Beckman CPE instrument used in this investigation has the following instiumental 
parameters; L = 30. 5 cm» A = 0. 675 cm^, F = 0. 417 cm^/sec, so that: 


d = 32.9 E 



d - 32. 9 E 


fu + (U /2) 

e os 


(57) 


D. Experimental Results 


The displacement of the sample stream displayed on the X-Y recorder was calibrated 
in terms of the actual displacement by allowii^ the UV light source to scan across a 
transparent ruler which was imprinted with 1-mm divisions. The magnification factor 
on the recorder was found to be 18. 2X. A series of monodisperse polystyrene latexes 
dispersed in Veronal buffer was used to evaluate the CPE by m^suring, the displacement 
distance as a function of the applied potential giudient in the rai^e 20-100 volts/cm. 
Although the separation distance was proportional to the applied potential gradient, some 
scatter was observed; this was attributed to experimental problems such as maintaining 
a constant flow irate for both the curtain buffer and sample injection. Figure 35 shows the 
results for the 1. 01pm diameter latex where the displacement of the sample stream is 
recorded for different applied potentials. 

Although there are both experimental and theoretical problems in using the CPE as an 
analytical tool to determine the absolute electrophoretic mobility of particles, the instru- 
ment is ideally suited for determining the relative electrophoretic mobilities of a mixture 
of particles. A mixture of six different monodisperse latexes with particle sizes in the 
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range of 0. 088 - 2. 02jira was dispersed in sodium barbital buffer and separated in the CPE. 
The separation at an applied potential of 50 volts/cm is shown in Figure 36. The six 
different peaks were also observed at other applied potentials. Although these results 
indicate the extreme sensitivlly of the CPE for determining relative electrophoretic nubil- 
ities of a mixture of particles, they also show that the ability of the instrument to sepamte 
particles is limited. This conclusion is deduced from the fact that although the 0. 088, 0. 109, 
and 0. 357 >im particles are distinguishable, their respective peaks all fall within a distance 
of 1 mm, which is b^ond the limits of resolution of the collection tubes. 


Several monodisperse polystyrene latexes were investigated to determine their electro- 
phoretic mobilities in A-1 buffer, and three with measured electrophoretic mobilities of 
4. 0, 3. 2 and 2. 7;im cm/ volt sec were colored red, white and blue, respectively. The 
•ttoee latex sam^jes were then mixed in equal concentrations and separated in the Beckman 
'CP!E at an applied potential of 30 volts /cm. I^^re 37 shows that the Sample was indeed 
separated into three separate bands, which were visually identifiable according to their 


color. The separation ^stances of the red, white and blue paytleles were 5. .9, 5.1„and 
‘4.4 mm, respectively. The displacement of the re^ particles, along _with the measured 
erecttbphorettc nfobility of the same saihpleV was substituted in Equafion 57 fejccalculate " 
the value of Uqs 1^ the CPE. The calculated Uog value was 3. 95;im cm/volt sec. This 
value, which is valid only for the A-1 buffer, can now be substituted into Equation 57, which 
is then solved for U : 


U = — ^ - 1. 975 U = (d/32. 9 E) - 1. 975 (58) 

e 32. 9 E e 


The separation distances ;d for the white and blue particles were then Substituted in Bjuatlon 
58 to calculate Ug. The values for the white and blue latexes were 3. 19 and 2. 48;um cm/ 
volt sec, respectively, which are in good agreement with the values of 3. 2 and 2.7)im cm/ 
volt sec, respectively, determined by microcapillary electrophoresis measurements. 


E. Conclusions 

The Beckman CPE can be used as an analytical tool to measure the absolute electro- 
phoretic mobilities of particles. Likewise, the sepairation distance of the sample stream 
can be calculated when the electrophoretic mobilities of the particles are known. The 
simplified equations and conclusions presented in this report, however, are only valid when 
the sample stream is not distorted by electroosmosis and induced parabolic flow. A more 
detailed theoretical analysis is necessary to take into account the various experimental 
parameters. 
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CHAPTER V 


SUMMARY AND CONCLUSIONS 


The Apollo 16 electrophoresis experiment demonstrated that separation of the two 
different-size monodisperse latexes did indeed take place, but that the separation was 
obscured by the pronounced electroosmotic flow of the liquid medium. The results of 
this experiment, however, were dramatic in the sense that it is impossible to carry out 
a similar separation on earth. The mo st practical conclu siQn-Jwhich can be drawn from 
the Apollo 16 experiment is that a free-fluid electrophoretic separation is possible in 
space, whereas such a separation is not possible on earth. Also, it can be stated un- 
equivopally. that any electrophorettoseparatiqu.vAll,be.eubanced. undsr..mj4orcigt»vity con- .. 
ditions. The only question is the degree of this enhancement, which can be expected to 
vary from one experimental technique to another. 

, .. The;.low-electro 9 ^moticrm^ Qpati.ng (Z6040-]y[C) which was developed under tMs 
program was found to be suitable for a free-fluid electrophoretic separation such as the 
experiment designed for the ASTP flight. The problem with this coating, however, is 
that its permanency is limited because of the slow desorption of the methylcellulose from 
the coated surfe.ce. This properly of the Z6040-MC coating renders it less effective for 
continuous electrophoretic separation systems which are being designed for future space 
applications. Since any electrophoretic separation technique requires control, if not 
the elimination, of electroosmotic flow, more work is required to develop coherent 
coatings of the desired magnitude and sign of the cell-wall zeta potential. 

The success of any electrophoretic separation of biological materials in space depends 
upon the d^ree to which particles of different electrophoretic velocities are separated. 

It would be desirable to predict the results of an electrophoretic separation for all 
techniques as a function of the various experimental parameters. This prediction would 
aid in the design and evaluation of the different experimental approaches. The development 
of the theory and resolution of separation in this report is limited only to consideration of 
the static free-fluid electrophoresis experiment designed for the ASTP flight. This same 
approach can and should be applied to all proposed electrophoretic separation techniques 
in order to evaluate and define the limits of application. 
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